Abstract. There is increasing interest in the restoration of native Appalachian hardwood forests using the Forestry Reclamation Approach (FRA) on sites that are being reclaimed following surface mining for coal. Additionally, much interest has developed in the deployment of American chestnut trees that have been improved through breeding to have both blight resistance and timber tree stature. Including chestnuts in planting mixes for the FRA is one potential method to efficiently re-introduce them in the central Appalachian region, but the viability of this method needs to be assessed. There are further questions regarding how choices of herbaceous vegetation and grading practices affect tree survival and growth and plant succession on reforested mine sites. A new experiment combining components of the FRA with plantings of American chestnut trees was begun in the spring of 2008 on active coal-mining sites in Virginia with the goal of directly assessing the effects of grading and groundcover treatments on reforestation success, using a planting mix that includes American chestnut. On each of the three sites: half of the experimental area was smoothgraded and tracked-in as per common reclamation practice, and the other half was loose-graded as recommended using the FRA. Within each grading treatment plot, one third of the area was hydro-seeded with a conventional herbaceous vegetation mix, one third was seeded with a tree compatible herbaceous mix and one third was seeded with annual ryegrass. All treatments were planted with a mix of native hardwood trees. The loose-graded sections were also planted with six genotypes of chestnut, including pure American, Chinese, and American x Chinese crosses. Tree survival and growth, groundcover, and native plant volunteers were measured. After one growing season, tree survival was not affected by any of the experimental treatments. The tree compatible mix and the conventional mix provided significantly more ground cover by August than did the annual rye. Loose grading reduced soil loss compared to smooth grading. Chestnut trees grown from planted nuts were competitive with other species' survival rates. Additional
Introduction
Successful rehabilitation of mined land is necessary in order to prevent mining from degrading the land base of agricultural and forest systems and the ecological services those systems provide. Land base degradation makes no sense in a world of growing human populations and ongoing desire for sustainable economic development. Coal surface-mining in Appalachia will go on as long as it is economically and politically feasible and there is a logical imperative to employ the best land reclamation and rehabilitation practices in the course of inevitable mining operations.
Background
Since 1980, shortly after the implementation of the Surface Mining Control and Reclamation Act (SMCRA), researchers with the Powell River Project at Virginia Tech have been developing reforestation practices called the Forestry Reclamation Approach (FRA) (Burger and Zipper, 2002) . A cooperative effort called The Appalachian Regional Reforestation Initiative, or "ARRI" was formed in December of 2005 to specifically advocate the use of the FRA for proper restoration of native forests on sites reclaimed following coal mining in the eastern United States. ARRI goals are to encourage planting of more hardwood trees of high value, using methods that increase the planted trees' survival and growth, and to accelerate forest succession to establish forest habitat (Angel et al., 2005) .
The Forestry Reclamation Approach is a mine reclamation method that has been developed through scientific research and field experience to achieve these goals and has been approved by regulatory agencies. The FRA can be implemented by coal mining operators more cost effectively than traditional mine reforestation approaches which entailed heavy grading and vigorous herbaceous vegetation (Burger and Zipper, 2002) . The FRA is intended to restore ecosystem services such as clean water, carbon sequestration, clean air, and habitat for wildlife and other plants (Angel et al., 2005) .
The ARRI is needed in order to correct key problems created by common reclamation practices under the SMCRA that hindered restoration of productive native forests on mined land.
These key problems, meant to stabilize land and prevent erosion, were the compaction of soil during re-grading and the planting of aggressive herbaceous vegetation (Angel et al. 2005) . The ARRI seeks to inform operators of the steps necessary to avoid and/or mitigate these key problems and demonstrate the value of native forests. The FRA can achieve the requirement in the SMCRA that land be restored to equal or higher use and productivity (Angel et al., 2005) .
Five steps summarize the FRA process 1. Create a suitable rooting medium for good tree growth that is no less than 4 feet deep and comprised of topsoil, weathered sandstone and/or the best available material.
2. Loosely grade the topsoil or topsoil substitute established in step one to create a non-compacted growth medium.
3. Use ground covers that are compatible with growing trees.
4. Plant two types of trees-early succession species for wildlife and soil stability, and commercially valuable crop trees.
Use proper tree planting techniques.
The FRA is intended to allow full compliance with federal regulations through cost-effective practices by mine operators while successfully re-establishing native forest species. The FRA can be modified to accommodate other forest land uses such as woody biomass production, fruit orchards or ornamentals .
Low compaction grading helps planters plant trees correctly, allows rain water to infiltrate the soil rather than moving off in erosive surface flow, allows the soil to hold more water and air that supports tree growth and soil life, and allows roots to grow more freely. Low compaction grading is also less expensive than traditional grading practices because it involves fewer machine hours to make fewer grading passes over reclaimed sites (Sweigard et al., 2007) .
Tree survival and growth are generally higher on loose-graded mine sites than on compacted and tracked-in mine sites. Numerous experimental studies have demonstrated that high soil bulk density, which occurs as a result of excessive soil compaction, has a negative effect on tree growth (Jones et al, 2005; Rodrigue and Burger, 2004; Andrews et al, 1998; Torbert and Burger, 2000; Torbert and Burger, 1990) .
Reforestation practices are meant to accelerate natural forest succession with direct tree planting. Simultaneously, grasses, legumes, nurse shrubs, nurse trees and crop trees are established and these perform their functions of stabilizing land and accumulating nutrients before yielding to other plant types in the process of succession. Under Virginia regulations implementing SMCRA (see . Revegetation; standards for success), lands reclaimed to support a commercial forest post-mining land use are required to have at least 400 trees per acre of commercial value and at least 40 additional trees per acre of wildlife value at bond release. Non-commercial forests have a 400 tree per acre stocking requirement but it is not required that the trees used be of commercial value. Given the normal survival rates achieved when appropriate reclamation practices are used, planting 550 crop trees and 60-100 wildlife/nurse trees per acre can usually achieve these stocking requirements (Burger and Zipper, 2002) .
Natural mountain forest landscapes in the Appalachians are uneven with many rocks, boulders and rough, loose soils. That is a very different environment than the smooth-graded, compacted soils sought by reclamation specialists in the past. The SMCRA only requires compaction where it is needed to ensure stability. There is therefore little reason to compact reclaimed sites when stability can be otherwise achieved, especially on areas that are level or have only gentle, short slopes. Weeping lovegrass (Eragrostis curvla) is a tall grass that is useful on acid sites at low seeding rates (Burger and Zipper, 2002) . Favorable groundcovers are low-growing to allow light to reach young trees growing amongst them and do not create a continuous sod which would compete vigorously with trees for water resources.
Goal and Objectives
The goal of this study is to asses the effects of grading and herbaceous vegetation practices on the survival and growth of native hardwoods, including the American chestnut, when these practices are deployed on an active mining operation at a full operational scale.
We tested the following hypotheses: 1) Increased levels of grading and tracking by mining equipment:
-depresses the growth and survival of planted native hardwood trees -accelerates soil loss.
2) Increased levels of herbaceous groundcover:
-depresses the growth and survival of planted native hardwood trees -has a negative effect on recruitment of native vegetation.
Finding or failing to find experimental support for these hypotheses will test some of the assumptions of the FRA and provide insight into how it might be improved in theory and in practice.
Methods and Materials

Overview of Treatments and Design
Three experimental sites (blocks) were established by cooperating mining firms on active mining sites in southwestern Virginia ( The two grading treatments were 1) smooth-grading with tracking-in and 2) loose-grading with a single pass. It took approximately 3 to 3.5 extra machine hours per acre to achieve the heavier grading. Three one-acre groundcover treatments were sown on each grading treatment plot: 1) a conventional mix of species intended to create the highest rate of groundcover ( Fig. 7) , 2) a tree-compatible mix (Powell River Project mix) intended to create a moderate rate of groundcover ( Fig. 8) , and 3) a native invasion mix intended to create the lowest rate of groundcover ( Erosion pins made of steel 1/2-inch rebar were used to estimate loss and accumulation of surface soil. Twelve erosion pins were installed in each of the 18 treatment plots of the experiment (Fig. 10 ).
Once installed, the pins were measured in height to the nearest millimeter on the uphill side.
Thereafter, the pins were measured before the growing season in early April and after the growing season in late October. Figure 10 . Conceptual map of erosion pin layout on all 18 treatment plots. Soil samples were taken 1 meter to the right of each erosion pin, facing uphill.
Soil Sampling and Testing
Soil samples were gathered for each of the 18 plots. Samples were composed of nine subsamples taken within each plot one meter from the erosion pins. The surface two inches of soil were removed in order to discard hydro-seeding materials from the sample and soil was collected from a depth of 2-6 inches for each sub-sample. The subsamples were combined and mixed for a single composite sample per plot. Soil samples were air dried then sieved through a #10 screen to separate the coarse and fine fractions. Samples were analyzed for pH, extractable cations, cation exchange capacity, soluble salts and organic carbon content (Table 3) . No significant differences in these chemical properties were found among treatment plots within blocks. were planted and protected using procedures developed by The American Chestnut Foundation (Fig. 11) . These procedures involved digging a 4 inch wide x 8 inch deep hole, filling it with a mix of potting soil, native forest topsoil for biotic inoculation, and on-site mine soil. Seeds were then placed on top of this medium and covered with an additional one-inch thick layer of soil medium. Tree tubes (15 inch tall) were then placed one inch deep into the ground around the seed and planting medium and staked with a piece of 3/8ths-inch rebar . Rocks were piled around the base of each tube to the height of a few inches. Planting was performed in late March and germination was first checked in early May. Thereafter, survival, tree height to the highest live bud, canopy diameter and stem diameter at the height of the top of the tree tube were measured in late October -early November at the conclusion of the growing season. Ground-line diameter and tree height to the highest live bud were measured for all trees within measurement plots. Ground-line diameter measurements were not taken for chestnut trees as they were still contained in tree tubes. Additionally, four 1/1000 th acre herbaceous plant measurement plots were nested inside of each woody plant measuring plot. Within each of these measuring plots, total groundcover was estimated using an ocular method by comparing observed ground coverage with diagrams of various coverage rates typically used for determining percent mottling in soils and found in soil sampling field-books. Percent groundcover by species was also estimated in the same way. Plant samples of all species encountered were collected for identification. Pictures of each herbaceous plot were also taken.
Statistical Analysis
Data were analyzed using JMP 7.0 (SAS Institute Inc., Cary NC). Differences in performance characteristics among treatments were determined using a randomized block ANOVA. Tukey-Kramer HSD was used for mean separations (P < 0.05 and P < 0.10). Multifactor analysis was also performed to analyze treatment interactions and block effects.
Results
Compaction had no significant impact on survival of mixed hardwood trees or on the percent groundcover of herbaceous vegetation (Table 4 ). The conventional groundcover mix and the Powell River Project mix both produced significantly more groundcover than the native invasion mix. Groundcover type had no effect on tree survival although the native invasion mix does nominally appear to have better survival than the other two mixes (Fig. 13 ).
The exposed height of erosion pins actually decreased over the time frame between erosion pin measurements, as indicated by positive soil surface change (Table 5 ), an unexpected result that was attributed to soil expansion caused by compression rebound, freeze-thaw processes, mineral slaking, moisture swell, and rooting expansion. Hence, these measurements are expressed as "surface change," a relative measurement computed from the exposed heights of the erosion pins. Visual observations indicated that soil was being lost even at sites where measured surface change was positive. Nominally, surfaces in upslope positions eroded more (i.e. less positive surface change) than those in mid and toe slope positions, and the tree-noncompetitive groundcover mixes (PRP and native invasion) eroded less than the conventional mix. Loose grading caused significantly less erosion than smooth and tracked-in grading (Fig. 14) . There were no significant effects of groundcover type or landscape position on erosion. Groundcover type had no significant effect on chestnut survival or growth (Table 6 ). There were significant differences in the performance of the genotypes. The Chinese chestnuts and hybrids with the highest proportion of Chinese genes grew fastest. Chinese chestnut had higher survival than one genotype of hybrid chestnut. 1A -All-American, 1B -All-American, 2 -All-Chinese, 3 -¾ American B1F3, 4 -7/8 American B2F3, 5 -15/16 American B3F2, X -Genotype Label Lost Groundcover treatment and grading treatment had no effect on number of volunteer herbaceous species (Table 7) .
No significant interaction effects between groundcover type and grading type were found for tree survival, tree growth and erosion rates. 
Discussion
Different compaction levels did not result in significantly different groundcover rates or rates of tree survival after this first growing season (Table 4) . It remains to be seen how the vegetation will respond when it becomes more fully established.
There were significant differences in the groundcover rates achieved by the different groundcover treatments (Table 4) . Nominally, the conventional mix of grasses and legumes grew more coverage than the Powell River Project mix that is designed to be less competitive with trees. Statistically, the native invasion treatment grew less groundcover than the other two treatments. We hypothesized that this would occur and that having less groundcover will allow these treatment plots to accumulate more volunteer vegetation, thus facilitating succession.
Groundcover type did have significant effects on surviving tree counts, and thus on apparent survival, a result that supported the research hypothesis. The native invasion treatment allowed higher tree survival than the Powell River Project or conventional treatments (Table 4) .
Therefore annual rye alone may be a viable alternative groundcover in terms of promoting tree survival while achieving other reclamation goals (Groninger et al, 2007) .
We hypothesized that the three experimental groundcover treatments would perform equally well at controlling erosion and this hypothesis is supported (Fig. 16 , Table 5 ). One implication of these data is that if one of these groundcover treatments exhibits superior performance characteristics in other performance categories besides erosion control, such as improving tree survival or increasing the rate of volunteer plant succession, then it might be favored for those other purposes. All treatments performed equally well at accomplishing the primary reclamation goal of erosion control. Continued monitoring of these plots is important, however, because the native invasion mix is specifically designed to fade out after the first year and yield to whatever naturally comes on to the site. Depending on what arrives and how much ground it covers, the erosion effects could change. Groundcover rates are thought to be connected to erosion rates, and that is supported by the fact that there were no significant differences in soil depth changes (erosion / deposition) or groundcover rates across the three groundcover treatments.
We hypothesized that higher levels of compaction would lead to higher levels of surface erosion, possibly due to an inability of water to infiltrate as quickly through compacted materials lacking macro-porosity. This hypothesis is supported (Table 5) . As no significant effect of compaction on groundcover was expected or found, the differing rates in soil erosion may have occurred due to the direct physical effects of compaction on soil rather than by the indirect effects of compaction through promoting or inhibiting vegetation.
We expected that more net soil surface would be lost from upslope positions than from midslope and toe-slope positions and that more net soil depth would be lost by mid-slope positions than by toe-slope positions due to the deposition of eroded material into lower positions and due to the tendency of lower concave surfaces to accumulate more material than convex surfaces above. Data (Table 5) show no significant differences in rates of soil change between the landscape positions, although the hypothesis is nominally supported. Re-vegetation strategies might be improved by adapting them to topographic features and it is the goal of this aspect of the study to gather some relevant information on that issue while confirming whether the erosion pins are functioning as expected. Because of the stratified layout of the vegetative sampling plots along topographic gradients, it will be possible to also look at the effects of topographic position on the survival and growth of various woody and herbaceous species in this study.
We expected that the planted chestnut trees would respond to the three groundcover treatments the same as the other hardwoods. There were no significant differences in survival or in height growth of chestnuts planted on the three different groundcover treatments (Table 6 ).
The chestnut were planted in tree tubes, giving them a degree of separation from herbaceous competition, so it stands to reason that they would express less responsiveness to groundcover type at this early growth stage than the other unsheltered mixed hardwoods.
The all-Chinese chestnut breed is demonstrating significantly higher survival rates than the 7/8 American -1/8 Chinese (Table 6 ), but all other hybrids were the same. We expected the genotypes with the highest proportion of Chinese genes to have higher survival rates than the allAmerican and more strongly American genotypes, and this was confirmed nominally though only partially statistically. The All-Chinese genotype is also demonstrating significantly more height growth than most of the mixed genotypes and all of the all-American genotypes (Table 6) .
No significant differences in survival or growth have been observed yet among the American or hybrid genotypes, suggesting that either there are not strong differences in genetic potential between these genotypes or that potential differences have not yet expressed themselves.
The inability to control the size of tree seedlings planted confounds the growth data of the mixed hardwoods other than chestnut for the first year. Measurements of height and ground-line diameter for the mixed hardwoods were taken at the end of the 2008 growing season; however, these data will not be useful until the data from 2009 are available by which to make a comparison of actual growth. Survival data is also premature for the mixed hardwoods as the exact number planted in the beginning of the 2008 growing season is unknown.
The native invasion groundcover treatment did have the highest nominal number of volunteer herbaceous species per treatment plot at the end of the first growing season (Table 8) . We hypothesized that the lower rate of groundcover as well as the annual lifecycle of annual rye would allow for faster rates of volunteer plant recruitment and succession. It may take multiple growing seasons to differentiate if at all. If it does, that will indicate that planting annual rye only is a faster path of natural succession. A further research question is whether the lack of legumes will reduce the productivity of the system in the long-term by reducing the accumulation of nitrogen. If it does, then choices would have to be made between the desire for faster succession and accumulation of volunteer plant species versus long-term forest productivity effects of the legume-accumulated nitrogen.
